Abstract Increasing incidence of viral infections in crop plants adversely affects their growth and yield. Tomato (Solanum lycopersicum) is considered to be a favorite host for viruses with over 50 species of begomoviruses naturally infecting this crop. Tomato leaf curl virus (ToLCV) is among the most widespread and devastating begomoviruses affecting tomato production. microRNAs (miRs) have been established as key regulators of gene expression and plant development. The miR pathways are disturbed during infection by viruses. Thus, comprehension of regulatory miR networks is crucial in understanding the effect of viral pathogenicity. To identify key miRs involved in ToLCV infection, a high throughput approach involving next generation sequencing was employed. Healthy and infected leaf tissues of two tomato varieties, differing in their susceptibility to ToLCV infection were analyzed. NGS data analysis followed by computational predictions, led to identification of 91 known miRs, 15 novel homologs and 53 novel miRs covering two different varieties of tomato, susceptible (Pusa Ruby) and tolerant (LA1777) to ToLCV infection. The cleaved targets of these miRs were identified using online available degradome libraries from leaf, flower and fruit of tomato and showed their involvement in various biological pathways through KEGG Orthology. With detailed comparative profiling of expression pattern of these miRs, we could associate the specific miRs with the resistant and infected genotypes. This study depicted that in depth analysis of miR expression patterns and their functions will help in identification of molecules that can be used for manipulation of gene expression to increase crop production and developing resistance against diseases.
Introduction
Geminivirus are phytopathogens that profoundly affect diverse crop plants in tropical and subtropical regions of various countries (Moffat 1999; Boulton 2003; Mansoor et al. 2003) . The Geminivirus represent an evolving class of viruses with several new strains that have broadened their host range and made them increasingly virulent (Seal et al. 2006) . Tomato leaf curl virus (ToLCV) is a member of the Begomovirus genus, within the Geminivirus family, infecting wide spectrum of vegetable crops such as tomato, chilly etc. and causing acute loss in yields (Moffat 1999; Moriones and Navas-Castillo 2000) .
Tomato (Solanum lycopersicum) is a very important crop plant, widely consumed as a rich source of antioxidants. It is placed among the top Solanacea vegetables and appears to be a favorite host for the Begomovirus. More than 50 species of Begomovirus have been identified as natural pathogens of this crop with most of the members being identified during the last two decades. The viruses clustered under the generic name 'Tomato leaf curl virus' and 'Tomato yellow leaf curl virus' cause the most devastating tomato diseases. These viruses induce characteristic leaf curl diseases (Briddon et al. 2000) , which manifest as leaf size reduction, upward or downward curling of the leaf ) crinkling of interveinal areas, marginal and interveinal chlorosis, development of enations, purple discoloration of the abaxial surface of leaves, shortening of internodes, development of small branches, reduction in fruit size and decline in fruit yields. The ToLCV is transmitted by the whitefly, Bemisia tabaci (Hunter et al. 1998 ). It has a circular, single-stranded monopartite or bipartite (DNA-A and DNA-B) genome (Azzam et al. 1994; Pascal et al. 1994; Rigden et al. 1994; Ingham et al. 1995) .
MicroRNAs (miRs) act as key regulatory molecules in various biologically significant processes. These are small non-coding RNAs, 21-24 nucleotides in length. They are processed from stem-loop regions of precursor miRs that are derived from long primary transcripts by the action of Dicer-like (DCL) enzyme. The mature miRs are loaded into cytoplasmic silencing complexes (RISC), where they generally direct cleavage or repression of the complementary mRNAs (Bartel 2004; Jones-Rhoades and Bartel 2004; Naqvi et al. 2009 ). The role of miRs in leaf morphogenesis, flower development, as well as root and shoot development, has already been confirmed in different model plants (Achard et al. 2004; Chen 2004; Kidner and Martienssen 2004; Mallory et al. 2004; Guo et al. 2005; Naqvi et al. 2009; Zhai et al. 2011) . During the past few years there has been an exponential increase in number of miRs, identified and functionally annotated from various plant species, in public databases. The NGS technology along with the computational approaches has been extensively exploited as rapid, precise and affordable technique to identify miRs . This has been successful in plants, where miRs and their target mRNAs often have near perfect complementarity (Rhoades et al. 2002; Bonnet et al. 2004; Jones-Rhoades and Bartel 2004) . In tomato, 30 miRs were first reported in the miRBase release 12 in 2008 and this number has increased to 110 in the current miRBase release 21 (Kozomara and GriffithsJones 2014) . However, the increase is less in comparison to that seen in other model plant species, indicating the vast undetected repertoire of tomato miRs.
The role of miRs in leaf development is well established (Kidner and Martienssen 2004; Mallory et al. 2004) as exemplified by miR164 that regulates CUC2 and determines leaf patterning by controlling leaf margins (Nikovics et al. 2006) . Similarly, miR159 and miR319 in Arabidopsis have been reported to play crucial roles in retaining leaf phenotype by targeting the members of MYB and TCP transcription factors, respectively (Palatnik et al. 2003) . Since the involvement of miRs in biotic responses and leaf patterning is now well recognized, we desired to explore the molecular principles behind the ToLCV mediated leaf deformations. An earlier work validated 9 novel miRs having high complementarity to ToLCV ORFs, from healthy and ToLCV New Delhi strain (ToLCV-ND) infected tomato leaves (Naqvi et al. 2009; Wang and Luan 2015; Zhao et al. 2015) . It is thus evident that the leaf curling induced by ToLCV can be employed as a model, to investigate the impacts of miR mediated regulations of biological actions. This necessitates the identification of the global picture of miR expression patterns and studies on the effect of their deregulations, in response to virus infection. In this report, we describe the miR expression status in the tomato leaves during response to infection with ToLCV-ND. To achieve this, three NGS libraries were constructed from leaf tissues of ToLCV susceptible (Pusa Ruby) and tolerant (LA1777) tomato varieties. A computational pipeline developed in the lab was used to predict novel miRs. The comparative analysis was performed to gain understanding on the differential response to ToLCV-ND infection.
Materials and methods

Plant material and growth conditions
Tomato cv Pusa Ruby seeds were obtained from IARI, New Delhi while tomato accession LA1777 were collected from Dr. Manoj Prasad, NIPGR, New Delhi. Seeds were soaked overnight and then kept in moist in germinating sheets for germination at 30°C. As they reached seedling stage they were transferred to vermiculite for further growth in green house under 28°C, 14 h light/10 h dark and 70% humidity condition. These were used as healthy control plant for experiment. For ToLCV-ND infection, tomato cv Pusa Ruby plants were agroinfiltrated with Agrobacterium tumefaciens EHA105 harbouring plasmid constructs, containing dimers of ToLCNDV 'A' [HQ264185.1] and ToLCNDV 'B' [HQ2641856.1] genome. The detailed procedure has been discussed and described in earlier reports (Naqvi et al. 2010; Pradhan et al. 2015) .
RNA isolation
Trizol reagent was used for total RNA isolation (following the manufacturer's protocol, Invitrogen) from the leaf samples obtained from ToLCV susceptible tomato cv Pusa Ruby (PR) and ToLCV resistant tomato cv LA1777 (LA). The small RNA enrichment was done with 50% PEG and 0.1% NaCl precipitation followed by ethanol purification (Pradhan et al. 2015 ).
Small RNA library sequencing and analysis
Small RNA library preparation
Three small RNA libraries were prepared using Healthy Pusa Ruby (PRHL), ToLCV-ND infected Pusa Ruby (PRIL) and Healthy LA1777 (LA) tissues. RNA bands falling in range of 15-30 nt were gel purified and ligated with 3 0 and 5 0 adapters. First strand cDNA synthesis was carried out using manufacturer's instructions and then amplified using adaptor specific primers. The amplified small RNA samples were sequenced using GAII platform (Illumina, USA).
Pre-processing of sequencing data
The data was obtained as sequences of length 36 bases, along with the base quality scores and read counts. Each sequence included a part of the 3 0 sequencing adapter depending upon the length of the small RNA. Only those reads were retained which contained the exact match to the first seven nucleotides of the adapter sequence. The obtained raw sequence reads were trimmed to remove the 3 0 adapter bases and sequences having length in between 18 and 24 nucleotides were collected. These were clustered based on sequence identity such that all identical reads in each small RNA library were grouped into single sequence tags containing information of the unique sequence with their abundances in each library.
Identification of known miRs
The small RNA sequences of all three libraries were matched to the miR sequences in miRBase 21.0 to identify known miRs using Bowtie (Langmead et al. 2009 ). Only those sequences showing 100% match to known mature miRs were selected and the digital expression status of each sequence was calculated as transcript per million (TPM). The miR expression value was normalized as normalized expression ¼ actual miR count=total reads ð Â in countÞ Â 1000000
To observe the differential expression pattern of the miRs, reads with C 5 tags in atleast one library were selected and a comparison across the libraries was performed, by calculating fold-change from the normalized expression (Peng et al. 2011) .
fold change ¼ normalized expression of miR in experimental condition normalized expression of miR in control condition
Prediction of novel miRs
Novel miRs were predicted using two independent approaches and all the predictions were further validated by searching their corresponding miR* sequences within the NGS data. The first one involved miRDeep-P (Yang and Li 2011) , it is a modified package of miRDeep, which is being used specifically for the identification and prediction of known and novel plant miRs from deep sequencing data. It consists of core algorithms developed in Perl (a programming language) that filters the putative miRs based on the probabilistic model of miR biogenesis and assigns them an appropriate score. The second pipeline was developed in-house and the design included the stepwise execution for alignment of all the unique tags to the genome ITAG2.3 release (retrieved from Solgenomics Tomato Genome page) with zero mismatches using Bowtie 0.12.7. The reads aligning to the genome were further matched to known miRs (mirBase Rel. 21) and other small non-coding RNAs, rRNA, snRNA, snoRNA and tRNAs, Gp-II Intron, SRPs (Signal recognition particle) ITAG_infernal 2.3 (retrieved from Sol Genomics Network). The matching reads were excluded from further analysis. For the remaining reads, the region flanking (250 bases upstream and downstream) to the aligned sequence was retrieved from genomic sequences and this sequence was considered as candidate precursor sequence. All the candidate precursors were folded using RNAfold (Lorenz et al. 2011) . Structures containing the sequenced region within the branch of the folded precursor were removed. The structures with free energy at most -20 kcal/mol were further screened for classification as putative miRs on the basis of plant miR criteria (Meyers et al. 2008) . On the basis of alignment positions, the small RNA sequences showing overlap and a common stretch of 18-20 nt were clustered and the most abundant sequence in a cluster is considered as putative miR. The putative miRs with their star sequence, which were common between both the predictions, were selected as novel miRs. TPMs and fold changes were calculated as for all identified miRs. The conservation analysis and search for novel homologs (NH) was performed against all miRBase mature miRs using Bowtie and allowing up to three mismatches. The physical maps of all identified novel miRs and precursors of known miRs were plotted with the help of MapChart 2.3 (Voorrips 2002 ) by converting the base pair (bp) positions to million base pairs (Mbps). The miRs localized within a distance of B 2 kb were clustered in a group.
Validation of microRNA expression in infected tissue
Total RNA was isolated from leaf tissues using TRIzol reagent, following the manufacturer's protocol. End point stem loop RT-PCR was performed to validate the expression of selected miRs in infected tissues by following protocol as described earlier (Sharma et al. 2015) . Briefly, 500 ng total RNA was used to synthesize cDNA using miR-specific stem-loop primer with Superscript reverse transcriptase III (Invitrogen) as per manufacturer's specifications. A pulsed RT reaction was performed in a thermal cycler as follows: 30 min at 16°C, 60 cycles at 30°C for 30 s, 42°C for 30 s and 50°C for 1 s. RT enzyme was inactivated by incubating the reaction at 85°C for 5 min. 1 ll of direct cDNA was used for PCR using specific forward primer and reverse primers.
Target prediction and validation using degradome sequencing
Potential gene targets for known and novel tomato miRs were searched using degradome libraries of leaf (GSM553688), fruit (GSM553690), and flower (GSM553689) tissues which were downloaded from GEO (Gene Expression Ominibus; http://www.ncbi.nlm.nih.gov/ geo/) at NCBI (Barrett et al. 2009 ). The degradome sequence tags were converted to FASTA format and used as input to CleaveLand 4.3 (Addo-Quaye et al. 2009 ) to identify cleaved targets with not more than 0.05 p value. All these targets were searched against PlantTFDB to identify the miRs involved in transcription regulatory activities. Transcripts having B 4.5 alignment score were considered as potential target transcripts.
To completely examine the function of the miRs and their targets, the regulator pathway annotation was performed based on visualization of the pathways collected in the KEGG database by searching KEGG Orthology (KO) of each cleaved transcript retrieved with the help of UniProt Database (Huntley et al. 2015) (http://www.uniprot. org/). The target expression was retrieved from tomato electronic Fluorescent Protein (eFP) Browser (http://bar. utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgi). The number of targets transcripts for each miR and number of miRs targeting a transcript were also calculated.
Results and discussion
Composition of small RNA sequencing libraries
The sequencing of tomato small RNA libraries generated around 5.0-7.0 million reads containing approximately 2.5-3.0 million unique small RNAs of length ranging from 18 to 24 nt. The Healthy Pusa Ruby (PRHL) and ToLCV-ND infected Pusa Ruby (PRIL) libraries have been submitted to the NCBI with accession number GSM1288580 and GSM1288581, respectively . Approximately 75% of the unique reads in all three libraries showed alignment with the genome (Table 1 ). The sequences were analyzed for size distribution on the basis of total abundance and number of unique sequence tags ( Fig. 1 ). In general there was an increased accumulation of the 24 nt sequences in the three libraries, with these sequences constituting 56-68% of unique small RNAs. It was also seen that the 24 nt small RNAs exhibited high sequence diversity. This indicated a dominant role for the 24 nt long siRNAs and miRs which are known to act at the transcriptional level by modulating the methylation patterns on the genome (Chinnusamy and Zhu 2009) . The 21 nt size class, which is characteristic for canonical miRs, accounted for 36-46% of the total small RNA pool ( Fig. 1) , with the predicted miRs constituting 10-16% of the population. There was an increased accumulation of the miRs in PRIL library. These observations were consistent with DCL cleavage products and previous reports from other species such as Arabidopsis thaliana, Medicago truncatula, Cucumis sativa, Zea mays and Populus trichocarpa (Fahlgren et al. 2007; Morin et al. 2008; Moxon et al. 2008; Szittya et al. 2008; Jiao et al. 2011; Martinez et al. 2011; Puzey et al. 2012; Nosaka et al. 2013 ).
Prediction of novel putative miRs
Analysis of the small RNA libraries using miRDeep-P predicted 199 novel putative miRs. However the miR* sequences could be predicted, from at least one of the three libraries, for only 90 putative miRs (this included 9 known miRs from miRBase release 21). In an alternative strategy, as described in the materials and methods, 682 novel putative miRs were predicted using the in-house developed pipeline. A comparison revealed that 68 unique putative miRs with 84 precursors were common between both prediction algorithms among these 8 miRs viz. Sly-5, Sly-13, Sly-39, Sly-44, Sly-63, NH-Sly-12(827), NH-Sly-30(166) and NH-Sly-56(408) have been reported as novel miRs in an earlier report (Zhao et al. 2015) . This finding provided the conviction that the parameters used for predicting the novel miRs are accurate. In this manuscript, the known miRs are prefixed with ''sly-miR'' while the novel putative miRs are prefixed with ''Sly'', and novel homologs are prefixed by ''NH-Sly'' followed by the name of the miR family in brackets, for easy understanding. Conservation analysis was performed for the 68 newly predicted tomato miRs by searching for their homologs across the plant species (Fig. 2) . It was found that 15 tomato miR sequences were conserved as they showed alignment with 46 different plant species, mainly dicots and these were considered to be the newly identified family members of known miRs or novel homologs (NH). The remaining 53 sequences that were present at 65 different genomic locations did not show homologs in other plants. The detailed description of all these novel miRs, their precursor, the miR*, information on their genomic locations and family details of novel homolog are listed in Supplementary File 1.
Among the conserved putative miRs, NH-Sly-15(399) and NH-Sly-16(170/171) were conserved across the 43 plant species and these were identified as novel members of the miR399 and miR170/miR171 family, respectively. The homolog of NH-Sly-27(398) was present only in Hevea brasiliensis while NH-Sly-9(8033) and NH-Sly-56(408) showed alignments to only Solanum tuberosum. The putative miR NH-Sly-14(162) was identified as a new member of miR162a-5p family whereas NH-Sly-12(827) and NH-Sly-2(827) were homologous to miR827. NH-Sly-27(398) and NH-Sly-28(399) showed similarity with HbrmiR398 and miR399 family respectively, while NH-Sly-29(162) was homologous to miR162 family and NH-Sly-30(166) showed similarity to miR166 family. NH-Sly-33(172) was identified as a homologue of miR172 family but unlike miR172 it was predicted to target Alpha-Larabinofuranosidase/beta-D-xylosidase. New members of miR393, miR477 and miR408 family were also identified and named as NH-Sly-40(393), NH-Sly-53(477) and NHSly-56(408) respectively.
Secondary structure analysis of the precursor sequences showed that they were capable of folding into stem-loops with complementarity between the predicted miR and miR* duplex (Supplementary File 2) . The number of predicted as well as known miRs among all three libraries is shown in Table 1 and their digital distribution is provided as Supplementary File 3. The structures of few selected miRs predicted from the PRHL and LA tissues are shown in Fig. 3 . To confirm the accuracy of our predictions the novel putative miR sequences were aligned against EST (Expressed Sequence Tags) database of NCBI by allowing up to 3 mismatches. It was observed that sequences of 4 predicted miRs viz. NH-Sly-9(8033), NH-Sly-15(399), Sly-34 and Sly-58 aligned to the ESTs (Table 2) .
Genomic localization of predicted novel miRs and homologs
The genomic distribution of all the known and novel putative miRs and their physical location on the twelve chromosomes of S. lycopersicum is plotted (Fig. 4) . The chromosome wise distribution and frequency analysis showed a higher frequency (12 miRs) of predicted miRs on chromosome 1 whereas only one novel miR, Sly-3, was present on chromosome 7. The miRs localized within a distance of B 2 kb were clustered together. The distribution map revealed that putative miR, Sly-64, was clustered with a known miR slymiR6026 on chromosome 1 with a positional difference of only 827 bp. Whereas NH-Sly-28(399) and sly-miR-399 were clustered on Chromosome 3 with a positional difference of 1271 bp. This is similar to the reports on the presence of pre-miR399 cluster on chromosome 3, from other plants species such as M. truncatula, Hordeum vulagre and Oryza sativa (Cui et al. 2009; Li et al. 2012; Naqvi et al. 2010) . Physical mapping also revealed that two family members sly-miR482b and sly-miR482d were clustered on chromosome 6 (Li et al. 2012) , over a narrow region of just 322 bp. The other clusters were spaced over a bit larger distances like Sly-1 and a sly-miR9470 were clustered with a difference of 1791 bp on chromosome 8.
On chromosome 2, two members of putative Sly-57 were clustered together with a positional difference of 1741 bp. Similarly, sly-miR9471a & b were clustered on chromosome 12 over a distance of 1611 bp. These findings may possibly aid in understanding, the outer attributes of the real pre-miRs and offer an insight into structure of primary transcripts and the transcription of clustered miRs as polycistronic transcripts.
It was observed that NH-Sly-9(8033) was located on the 5 0 arm while Sly-22 was on the 3 0 arms of same pre-miR while NH-Sly-2(827) and NH-Sly-12(827) were present on 5 0 and 3 0 arms, respectively on same precursor. Though these miRs were originating from different arms of the same precursor, they do not represent the complementary miR* sequences. This indicates the presence of several miR-like miRs that have been earlier reported in other plant species (Zhang et al. 2010) . The co-transcription and processing of these miRs was evident from their similar expression patterns. Both the miRs did not express in PRHL and exhibited low expression levels in PRIL but their expression was high in LA tissues. We could also detect the iso-miRs as exemplified by the putative miRs NH-Sly-14(162) and NH-Sly-29(162) that share the same precursor on chromosome 3 but differ in a single base, Thymidine, at the first position. NH-Sly-29(162) shows higher expression in PRHL and its levels were down regulated by eight fold during ToLCV infection. In LA tissues, the miR shows a 12-fold down regulation. In contrast the expression of NH-Sly-14(162) is up regulated in PRIL and LA tissues.
Differential expression profiling
The comparative analysis of miR distribution in PRHL, PRIL and LA showed that 37 predicted, 10 novel homologs and 74 known miRs were common to all three libraries. It was observed that 10 predicted, 2 novel homologs and 7 known miRs, were present in Pusa Ruby libraries but absent from the LA library (Fig. 5) . Among this pool 6 predicted miRs, 2 novel homologs and 2 known miRs were present in both PRHL and PRIL libraries but expression of 4 predicted miRs and 3 known miRs (Fig. 5 ) was restricted to PRHL indicating their down regulation upon viral infection. While sly-miR319c-3p and sly-miR169e-5p selectively expressed in the PRIL library indicating that the up regulation correlated with the virus infection and/or symptoms. The expression of three predicted miRs, Sly-21, Sly-24 and NH-Sly-33(172) and three known miRs were specific to ToLCV tolerant LA variety (Fig. 5) . Moreover 3 predicted, 2 novel homologs and 3 known miRs were commonly expressed in both PRIL and LA tissues.
In the common pool a lot of variation was observed (Table 3 ). The expression levels of miRs such as miR166, miR159/319, miR164 and miR160 having a role in regulating leaf development were altered under viral infection. This probably caused the leaf deformities characteristically associated with the ToLCV infection (Naqvi et al. 2010) . On the basis of this differential expression analysis, two putative miRs (Sly-37 and Sly-45) and 2 known miRs (slymiR397 and sly-miR482a) were selected for experimental validation in root and shoot tissues of infected plants by stem-loop RT-PCR analysis (Supplementary File 4) . The digital expression profiles were verified by the experimental analysis thereby confirming our computational analysis.
The differential expression analysis (of reads with C 5 tags in at least one library) revealed that within the Pusa Ruby tissues * 40% predicted and 46% of known miRs were more than twofold deregulated upon ToLCV infection (PRIL/PRHL) (Fig. 6a) . All the miRs which were deregulated upon infection in pusa ruby leaf (PRIL/PRHL) were selected to see their expression patterns in resistant LA leaf tissues (PRHL/LA). The cutoff was decided for the deregulations considering that miRs, which were not significantly deregulated in PRIL may show higher level of deregulations of expression patterns in the LA tissues. The fold change comparisons revealed several interesting changes in expression patterns, with some of the ToLCV deregulated miRs, exhibiting a contrasting behavior in the LA tissues (Fig. 6b) . It was observed that 33 miRs were up regulated by zero to twofold in PRIL, 19 miRs showed a two to fourfold up regulation and 6 miRs were more than sixfold up regulated in PRIL (Fig. 6b) . Among the 36 miRs that were up regulated by zero to twofold in PRIL (Fig. 6b) , 11 miRs exhibited no change in the expression patterns in LA tissues and 1 miR (Sly-46) was not expressed in LA tissues. 6 miRs were also up regulated in LA tissues and within this pool 3 miRs (sly-miR168a-5p, sly-miR168b-5p and sly-miR4376) showed a more than fourfold up regulation. It was also seen that 15 miRs were down regulated in LA tissues, with 5 miRs (Sly-8, Sly-1, Sly-44, sly-miR390b-5p and sly-miR396a-5p) exhibiting more than fourfold down regulation. Among the miRs showing a two to fourfold up regulation in PRIL, slymiR156d-5p had similar levels of expression in LA while 12 miRs showed a down regulation in the expression levels in LA. Similarly 5 miRs (NH-Sly-18(3627/5225), NH-Sly-56(408), NH-Sly-27(398), sly-miR9472-5p and slymiR171e exhibiting more than sixfold up regulation in PRIL were down regulated, while 1 miR was not expressed in the LA tissues.
In a similar manner the expression pattern of miRs showing down regulation upon ToLCV infection was studied in LA tissues. It was observed that 33 miRs exhibited up to twofold down regulation in PRIL. Among these 2 miRs (NH-Sly-30(166) and sly-miR169e-3p) were up regulated by more than sixfold and 8 miRs (NH-Sly-14(162), sly-miR1919a, sly-miR1919b, sly-miR1919c-3p, sly-miR168b-3p, sly-miR5300, sly-miR156d-3p and slymiR9476-5p) were up regulated to two to fourfold in LA. It was seen that 21 miRs were down regulated by two to fourfold in PRIL and within this group 6 miRs (NH-Sly-40(393), sly-miR482e-5p, sly-miR394-3p, sly-miR482d-5p, sly-miR171c and sly-miR396a-3p) were up regulated by more than sixfold while 4 miRs (NH-Sly-28(399), slymiR390a-3p, sly-miR168a-3p, Sly-61) were up regulated by two to sixfold in LA and expression of 2 miRs (slymiR477-3p and Sly-43) was not seen in LA. Likewise 4 miRs exhibited four to sixfold down regulation in PRIL, among these 2 miRs (NH-Sly-15(399), sly-miR9471b-5p) were up regulated to the range of 0-2 fold and 2 miRs were down regulated to the same level in LA. 5 miRs, which were down regulated by more than sixfold in PRIL showed up regulation (NH-Sly-29(162), sly-miR399, sly-miR166c-5p, sly-miR167b-3p and Sly-45) in the LA tissues, among these sly-miR399 was up regulated by zero to twofold while the remaining showed more than sixfold up-regulation. This indicated that the miR profiles were significantly influenced upon viral infection (Table 3) . On comparing PRHL and LA leaves it was seen that 47.22% known miRs and 42.22% predicted miRs exhibited a twofold or more deregulation, with a majority being up regulated in the LA tissues. The total percentage of up regulated miRs is higher in PRHL/LA (56.8%) in contrast with PRIL/PRHL (Fig. 6a) . The comparative analysis also showed that miRs Sly-47 and NH-Sly-9(8033) that were highly up regulated in PRIL tissues were absent in LA. The predicted miR Sly-34 which showed more than fourfold up regulation in PRIL was * fourfold down regulated in LA. The differences observed in LA could be attributed to the varietal differences.
Target identification
The global miR profiling data evidently suggested that a vast set of miRs was differentially altered in ToLCV-ND infected leaf tissues of tomato cv Pusa Ruby. A set of miRs was also identified, which showed differential expression between the susceptible and tolerant varieties. Identification of the genes targeted by miRs is essential to understand their regulatory action on biological functions. Thus, the transcribed regions of the tomato genome were used to find sequences complementary to the miR candidates. Using CleaveLand around 135 unique targets with 168 miR:target associations were identified from three publically available tomato degradome libraries. This includes 101 miR:target interactions involving 71 unique transcripts, showing an alignment score of B 4.5 in three PARE libraries. The distribution of targets showed 83, 70 and 84 cleaved transcripts in tomato leaf, fruit and flower degradome libraries, respectively. The complete list included 78 unique transcripts with 21 sequences emerging as common among all three tissues.
To understand the functional association of all identified cleaved transcripts with various biological pathways, KEGG Orthology (KO) search for each target was conducted. The transcripts having KO annotations are listed in Table 4 and the details of all these targets and their associated libraries are listed in Supplementary File 5. T-plots, a representation of miR directed cleavage, of the targets were identified using degradome sequencing. It shows the distribution of the degraded sequence tags along the whole transcript sequence (mRNA) on the basis of alignment. Black zigzag lines represent the detected cleavage and red colored dot on the target transcript indicates the cleavage site detected in the degradome library. The detailed target plots (t-plots) are available in Supplementary File 6. In this analysis, the cleaved targets of the predicted miRs were found to be associated with various crucial pathways indicating that the deregulation or absence of these miRs can severely affect the functioning of these biological pathways. This is well exemplified by Sly-32, which targets Mannosyl-oligosaccharide 1 2-alpha-mannosidase,''(MAN1), associated with N-Glycan biosynthesis and protein processing in endoplasmic reticulum during fruit developmental. Sly-32 also inhibits 40s ribosomal protein S6 (RPS6) that is abundantly expressed in mature fruit and roots.
A majority of the predicted target transcripts include the transcription factors, such as AP2/ERF (APETALA2/ ethylene responsive factor), ARF (Auxin response factors), CPP (Tesmin/TSO1-like CXC domain-containing protein), GRAS, GRF (Growth Regulating Factor), HD-ZIP (Homeo domain leucine zipper), MYB, NAC, NF-YA (Nuclear transcription factor Y), Nin-like, SBP (Squamosa promoter-binding protein) and TCP (TEOSINTE BRAN-CHED 1, cycloidea and PCF transcription factor). Transcription factors primarily regulate a network of biological processes by controlling the expression of a large number of genes (Fig. 7) . They are therefore, good targets for manipulation of metabolic pathways involved in plant defense and plant's response against stresses. The AP2 transcription factor is an important pathogenesis related gene family constituting 7% of total target transcription factor identified in present study. They are reported to participate in response to both biotic and abiotic stresses in plants Licausi et al. 2013 ) by binding to the promoters of stress responsive genes. AP2/ ERF also plays a vital role during TYLCV infection and its promoter binding ability differs in resistant and susceptible varieties (Huang et al. 2016) . The SBP family comprises 9% of the miR targeted transcription factors. They are also shown to be involved in biotic and abiotic stress responses (Chen et al. 2002; Wang et al. 2009 ). Similarly, NACs are unique to plants and are one of the major stress responsive transcription factors (Nuruzzaman et al. 2013 ). The MYB transcription factors are involved in determining the structure of leaf and have been shown to cause leaf deformation in ToLCNDV infected tomato plants, due to the change in levels of miR159 (Naqvi et al. 2010; HanleyBowdoin et al., 2013; Carbonell and Carrington, 2015) . The homeodomain-leucine zipper family of transcription factors plays an important role during geminivirus infection. These transcription factors are induced by viral infection and activate abnormal cell divisions which results in characteristic symptoms of infection . It has been reported that expression of five class III HD-Zip transcription factor increases after TYLCV infection due to the corresponding decrease in the levels of miR166 . Moreover * 7% of cleaved transcripts belonged to NBS-LRR disease resistant proteins (Zhai et al. 2011) . Their expression increases upon pathogen infection and the miRs viz. miR482b-c, miR6024 and miR6027-3p, which target them, are down regulated in the PRIL library. ERF transcription factors recognize and bind GCC box but the binding ability differed in resistant and susceptible varieties against TYLCV (Huang et al., 2016) . Interestingly, this list included the AGO1 transcript, targeted by sly-miR403-3p and sly-miR168a,b-5p, and DCL1 transcript targeted by sly-miR162. Both AGO1 and DCL1 play key roles in miR biogenesis and function, respectively and thus can regulate global miR fluctuations (Naqvi et al. 2010; Hanley-Bowdoin et al. 2013; Carbonell and Carrington 2015) . It was observed that these three miRs were up regulated in the PRIL libraries. The up regulation of sly-miR168 and sly-miR162 upon ToLCV infection has been also confirmed by microarray data analysis (Naqvi et al. 2010) . This indicates the deviation of host miRs to suppress the host RNAi machinery. The other ToLCV up regulated miRs include miR NH-Sly-33(172) which targets the Alpha-L-arabinofuranosidase/beta-D-xylosidase mRNA, a defense related gene involved in cell wall reorganization (Chen et al. 2013 ); sly-miR160a, which targets ARF3, 16 and 17 as well as sly-miR167a and slymiR167b-5p that target ARF8 and 8-1, respectively. The manipulation of ARFs due to miR deregulations results in phenotypic defects that are characteristic of viral infections (Alazem and Lin 2015) . The up regulation of sly-miR319 suppresses TCP Transcription factor family that is involved in growth suppression (Naqvi et al. 2010) . Ap2/ERF transcription factor is an important pathogenesis related gene family and its overexpression can mediate an increase in resistance against fungal, bacterial and viral attack. It also plays a vital role during TYLCV infection. The ToLCV down regulated miRs include putative miR, Sly-32 which targets the ribosomal protein encoding transcripts. This indicates up regulation of the corresponding ribosomal proteins. It has been shown that invading Geminiviruses require the ribosomal proteins for successful infection Warner and McIntosh 2009) .
Conclusion
Plants respond to the viral invasion by modulating their transcriptome to activate enzymes/proteins involved in evading the attack. This also involves activating the RNAi defense pathways, indicating an important role for both siRNAs and miRs. The miRs are also key regulators of various aspects of plant development and the literature is flooded with reports on the knowledge of the abundance and function of miRs. Here, we report 15 novel homologs and 53 novel miRs from tomato that may have important roles in modulating the plants response to ToLCV. These include miRs originating from 5 0 and 3 0 arms of the premiR, with many of them clustered together on the genome indicating their potential processing from polycistronic transcripts. The length of these newly identified miRs varied from 18 to 24 nt. The structural analysis suggested that their putative precursor sequences could fold into stable stem-loop structures containing the miR/miR* sequence in the folded arm.
We observed that 4 miRs were specifically expressed in the healthy leaves and not in the infected tissue of Pusa Ruby and 2 known miRs sly-miR319c-3p, sly-miR169e-5p were specifically induced under ToLCV infection. The differential regulation of miR expression between tomato varieties was also observed with three miRs (Sly-21, Sly-24 and NH-Sly-33(172)) showing expression only in the ToLCV resistant LA variety. Only one miR was common between PRIL and the LA tissues. The comparative analysis of miR distribution showed that * 45% miRs were more than twofold deregulated upon ToLCV infection within the Pusa Ruby tissues and a similar pattern was seen in the LA tissues.
Our analysis also identified 135 target transcripts for these miRs. Most of these included transcription factors that were regulated in response to external cues and hormonal signals. Some of these may thus play critical roles in the establishment/evasion of viral infection. The changes in the expression levels of the miRs, disturbs the cellular transcriptome to down regulate transcripts that may prove to be helpful to plants in coping against various biotic and abiotic stress and up regulating transcripts that the virus may utilize for their own benefits. The siRNA mediated plant defense responses against viral infections are well studied, but the roles of host miRs in plant viral immunity/ sensitivity have not been well investigated. The functional studies of these miRs are required to understand their role in ToLCV-ND infection. Some of these can serve as ideal candidates for early identification of virus besides providing useful tools for manipulating tomato plants for conferring viral resistance.
